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ABSTRACT
The Arizona Department of Water Resources has developed a preliminary regional
groundwater flow model as part of an on-going modeling process for the Pinal
Active Management Area. The model was constructed using the U.S. Geological
Survey Modular Three-Dimensional Finite Difference Groundwater Flow Model and
simulates steady-state (circa 1900) and transient-state (winter 1984-85 thru
winter 1988-89) groundwater flow. The model has 2 layers and accounts for
groundwater underflow, groundwater pumpage, and groundwater recharge from
agricultural irrigation, canals and the Gila River. The uppermost layer,
Layer 1, corresponds to the Upper Alluvial Unit and the lower layer, Layer 2,

corresponds to both the Middle Silt and Clay and the Lower Conglomerate Units.

The model was calibrated for both steady-state and transient-state groundwater
flow conditions. The model simulates a net decrease in the volume of water in

storage at approximately 754,000 acre-feet for the 4-year simulation period.

A sensitivity analysis was conducted to determine how sensitive the model
solution is to uncertainity in each input variable. The model is most
sensitive to vertical conductance between layers, specific yield, storativity

and recharge.

The model provides a cumulative source of hydrologic and geologic data for the
Pinal AMA. The model maybe useful as a regional understanding of the
interrelationships between the groundwater flow system and groundwater pumpage
and recharge. However, data limitations and uncertainities prohibit this

model for being used as a site-specific planning or permitting tool.
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CHAPTER I
INTRODUCTION

The Arizona Department of Water Resources (ADWR) has developed a preliminary
regional groundwater flow model as part of an on-going modeling process for
the Pinal Active Management Area (AMA). This modeling effort was divided into
two phases. Phase One consisted of data collection and analysis necessary to
develop a hydrogeologic conceptual model and preliminary water budget for the
Pinal AMA. The Phase One results are discussed in the Pinal AMA Regional
Groundwater Flow Model - Phase One Final Report (Wickham and Corkhill, 1989).
Phase Two, as discussed in this report, consisted of the actual model
development. This report discusses the model development and data input,
model usefulness and limitations, including suggestions for future model

updates.
OBJECTIVE, SCOPE, AND GOALS

The general objective of the on-going Pinal AMA groundwater modeling effort is
to eventually provide a sound technical management tool to use for predicting
the impacts of future groundwater management and water conservation scenarios
on the regional groundwater system. However, the objective of the Phase Two
effort was more limited. The objective of Phase Two was to develop a
preliminary groundwater flow model and identify areas of data uncertainty that
need to be addressed in future model updates. To achieve this, a set of

intermediate goals was established. These goals are:



1)

3)

4)
5)

Develop a three-dimensional computer model which reasonably

simulates groundwater flow within the modeled portion of the

Pinal AMA.

Evaluate the model results and output.

Test and analyze the model sensitivity to various input
variables. This will identify uncertainties in the original

data development that will need to be addressed in future

data collection and model updates.
Qutline the model usefulness and limitations.

Propose improvements for future of model updates.

MODEL AREA

The Pinal AMA is approximately 4,000 square miles in size and includes five

hydrologic sub-basins: Maricopa-Stanfield, Eloy, Vekol Valley, Santa Rosa

Valley, and Aguirre Valley. The modeled area is approximately 1,100 square

miles in size and is located primarily in the Maricopa-Stanfield and Eloy sub-

basins (Figure 1). The modeled area was selected to encompass the areas

within the Pinal AMA which currently have or will have the highest urban and

agricultural development, and greatest water use.



CHAPTER 11

CONCEPTUAL MODEL

General Hydrogeologic Framework

The general framework of the hydrogeologic conceptual model for the modeled
portion of the Pinal AMA was presented in the Phase One Report (Wickham and
Corkhill, 1989). Three significant hydrogeologic units were identified within
the modeled area of the Pinal AMA. These units include the Upper Alluvial
Unit (UAU), the Middle Silt and Clay Unit (MSCU), and the Lower Conglomerate
Unit (LCU). These units comprise the important aquifers within the modeled
area and are described in detail in the Phase One Report. The regional
aquifer system is characterized by downward vertical head gradients and
delayed drainage from the upper alluvial unit to the Jlower conglomerate
unit. Compaction of the fine-grained confining units is an important source
of water (Pool, 1988). Figure 2 is a generalized hydrogeologic section which

illustrates the approximate extent of these units.

In general, the UAU consists mainly of unconsolidated to slightly consolidated
interbedded sands and gravels and is exposed at land surface throughout the
entire model area. The UAU comprises an unconfined aquifer, however, confined
aquifer conditions have been observed in some areas of the Eloy sub-basin
(Pool, 1988). The thickness of the UAU ranges from less than 50 feet to over
1,200 feet at the Eloy sub-basin center. The MSCU consists of fine-grained
sediments, predominantly silt, clay and sand. The MSCU comprises a confined
aquifer and regionally is less productive than the UAU. The MSCU varies in
thickness from less than 50 feet to over 1,600 feet in the Maricopa-Stanfield

sub-basin and greater than 6,500 feet thick in the Eloy sub-basin. The LCU is
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the deepest of the alluvial units and is characterized by semi-consolidated to
consolidated coarse-grained sediments. The thickness of the LCU ranges from
less than 50 feet to over 1,560 feet, with the maximum thickness unknown.
Where the LCU aquifer is in direct contact with the UAU, it is generally
unconfined. Where the MSCU is present the LCU is generally confined to semi-

confined (Wickham and Corkhill, 1989).

Historical Changes in the Groundwater System

The groundwater flow system within the Pinal AMA has changed significantly
since the pre-development era. Anderson (1968) states that prior to 1923, the
hydrologic system in Central Arizona was considered to be in equilibrium. The
hydrologic system today is not in equilibrium, with outflow exceeding

inflow. This imbalance is the result of groundwater pumpage which has created
a net decrease in the amount of groundwater in storage and permanently changed
aquifer characteristics. Land subsidence and aquifer compaction due to
groundwater withdrawals have occurred over hundreds of square-miles throughout
the Eloy and Maricopa-Stanfield sub-basins. This subsidence has permanently
reduced the storage capacity of the aquifer while providing an important

source of water (Pool, 1988).

Figure 3 presents the regional water-level changes within the modeled area
from circa 1900 to 1985. Water-level declines of over 500 feet have occurred.
in the Maricopa-Stanfield sub-basin and over 400 feet have occurred in the
Eloy sub-basin. The historical water-level change within the Pinal AMA

reflects a maximum annual average decline of 5-6 feet per year.



Water Budget

The Phase One Report presented a detailed analysis of the various components
of the conceptual water budget. The ccmponents include groundwater underflow,
groundwater pumpage, and groundwater recharge. A conceptual water budget of
the modeled groundwater system for 1985-1988 is presented in Tables 1 and

2. A brief discussion of each component is presented below. A more detailed
interpretation of the conceptual model and water budget components is

contained in the Phase One Report (Wickham and Corkhill, 1989).

Underflow

Groundwater underflow into and out of the modeled portion of the Pinal AMA
exists at certain lccations along the basin margins. These inflows and
outflows were identified and quantified using both water-level information and
sub-surface geologic maps. The total flux of each was initia11y quantified
using flow-net analysis. Figure 4 shows the areal location and total
estimated flux of each underflow. The individual underflows are locally
significant, however, their sum represents only a small component of the total
" water budget for the modeled area. Table 3 presents the revised estimates of
groundwater underflow between 1985 and 1988. These estimations were revised
from the original values presented in the Phase One Report and are an average

between the flow-net estimates and the final calibrated model results.

Ground Water Pumpage

Groundwater pumpage within the modeled portion of the Pinal AMA is primarily
for agricultural irrigation. Pumpage by individual groundwater users was
summarized and analyzed as a major component of the conceptual water budget.

Tables 1 and 2 presents the annual total volume of groundwater pumped between

1985 and 1988.



TABLE 1

CONCEPTUAL WATER BUDGET*
ELOY SUB-BASIN MODEL AREA
PINAL AMA
(ACRE-FEET)

I.  INFLOWS

1985 1986 1987 1988
A. Groundwater Underflow 31,900 31,900 31,900 31,900

B. Groundwater Recharge
1. Ag. Irrigation 157,800 134,200 182,800 146,400
2. SCIP 125,700 148,100 121,400 142,500
3. Gila River 70,700 11,000 300 4,500
354,200 293,300 304,500 293,400

TOTAL INFLOW
II. OUTFLOW
A. Groundwater Underflow 10,800 10,800 10,800 10,800
B. Pumpage

1. ROGR 349,000 309,300 351,500 369,000
2. SCIP 31,800 45,900 . 34,3900 43,200
380,800 355,200 386,400 412,200

ITI. CHANGE IN STORAGE

TOTAL QUTFLOW

TOTAL INFLOW
TOTAL OUTFLOW

TOTAL INFLOW MINUS OUTFLOW

Note:
ROGR = ADWR Registry of Groundwater Rights
SCIP = San Carlos Irrigation Project

*
** Revised underflow estimates

Values presented are for a composite groundwater system

4-Year
TOTALS

127,600**

1,245,400

1,373,000

43,200%*

1,534,600

1,577,800

1,373,000
1,577,800
-204,800



TABLE 2

CONCEPTUAL WATER BUDGET*
MARTCOPA-STANFIELD SUB-BASIN MODEL AREA
PINAL AMA
(ACRE-FEET)

I.  INFLOWS

4-Year
1985 1986 1987 1988 TOTALS
A. Groundwater Underflow 24,600 24,600 24,600 24,600 98,400%*
B. Groundwater Recharge
1. Ag. Irrigation 84,200 61,900 83,200 86,800 316,100
108,800 86,500 107,800 111,400
TOTAL INFLOW 414,500
II. OUTFLOW
A. Pumpage
1. ROGR 210,000 155,600 162,300 127,300
2. AK CHIN 29,900 29,900 29,900 29,900
239,900 185,500 192,200 157,200 774,800
TOTAL INFLOW 774,800
ITI. CHANGE IN STORAGE
TOTAL INFLOW 414,500
TOTAL OUTFLOW 774,800
TOTAL INFLOW MINUS QUTFLOW -360,300

Note:
ROGR = Registry of Groundwater Rights
AK CHIN = AK CHIN Farms

* Values present are for a composite groundwater system
** Revised underflow estimates

10



TABLE 3
REVISED ESTIMATES FOR UNDERFLOW WITHIN THE PINAL AMA MODEL

Eloy Sub-basin

I. Florence Outflow:

Phase One Estimate*
Model Estimate
Revised Phase Two Estimate

4,300 AF/Year
2,300 AF/Year
3,300 AF/Year or 13,200 AF/4 Years

II. Sacaton-Santan Outflow *x

Phase One Estimate*
Model Estimate
Revised Phase Two Estimate

3,700 AF/Year
11,300 AF/Year
7,500 AF/Year or 29,800 AF/4 Years

TOTAL OUTFLOW 43,200 AF/4 Years
ITII. South Pichacho Peak Inflow
Phase One Estimate*

Model Estimate
Revised Phase Two Estimate

35,300 AF/Year i
22,700 AF/Year
29,000 AF/Year or 116,000 AF/4 Years

IV.  Aguirre Inflow

Phase One Estimate*
Model Estimate
Revised Phase Two Estimate

4,100 AF/Year
1,600 AF/Year
2,900 AF/Year or 11,400 AF/4 Years

W n

TOTAL INFLOW 127,600 AF/4 Years

Maricopa-Stanfield Sub-basin

V. North Maricopa-Stanfield Inflow

32,000 AF/Year
17,100 AF/Year
24,600 AF/Year

Phase One Estimate*
Model Estimate
Revised Phase Two Estimate

[

TOTAL INFLOW 98,400 AF/4 Years
Note:
Phase One estimates were calculated using Flow-net analysis

After re-evaluation of water levels and geology of the area, the flow-net
calculations were revised. Reduced streamtubes from 4 to 3.

12



Groundwater Recharge

Three major components of groundwater recharge were identified within the
model area. These components include recharge from agricultural irrigation,
(including Ak Chin Farms), the San Carlos Irrigation Project (SCIP) canals and
reservoir, and the Gila River. These three components of recharge represent
the largest inflow into the groundwater system. Tables 1 and 2 present the
estimated annual recharge for each sub-basin. For a more detailed discussion

on estimating pumpage and recharge within the model, refer to the Phase One

Report (Wickham and Corkhill, 1989).

13



CHAPTER T1I

NUMERICAL MODEL

The regional numerical model of the groundwater flow system within the Pinal
AMA simulates steady-state (circa 1900) and transient-state (1985-1988)
groundwater flow conditions. The model is quasi-three dimensional, two
layers, and accounts for groundwater underflow into and out of the model,
groundwater recharge from agricultural irrigation, canals and the Gila River,
and groundwater pumpage. A detailed description of the model development is

discussed below.

Selection of the Model Code

The model code selected to simulate groundwater flow in the Pinal AMA was the
Modular Three-Dimensional Finite Difference Groundwater Flow Model (MODFLOW)
developed by the U.S. Geological Survey (McDonald and Harbaugh, 1988).
Several factors influenced the selection of this model code. The factors
included: 1) the modular format of MODFLOW facilitates independent
examination of specific hydrologic features, 2) the code is flexible and can
accomodate hydraulic interconnection between multiple hydrogeologic units, 3)
documentation is relatively complete and comprehensive, and 4) the model has
been widely used throughout the hydrologic professional conmunity and is
generally accepted as a valid model to simulate groundwater flow. A detailed
explanation of the mathematical theory, optional packages and solution
techniques are provided in the MODFLOW documentation. Refer to McDonald and

Harbaugh (1988) for a complete model description.

14



Model Simulation Period

The model simulates steady-state groundwater flow circa 1900 (ie, pre-
development). Steady-state runs were conducted to refine the areal distri-
bution of hydraulic conductivity. The model also simulates transient ground-
water flow between 1985 and 1988. This time period was selected because

~water-Tlevel and pumpage data were available in sufficient areal distribution

throughout the AMA.

General Model Characteristics

The model was constructed using five packages offered by MODFLOW. These
packages are: Basic, Block Center Flow (BCF), Well, Recharge, and Strongly
Implicit Procedure (SIP). A brief description of each MODFLOW package and how
they relate to modeling the hydrogeologic system is presented. The Basic
package establishes the starting water levels and discretization of time. The
BCF package creates the hydrogeologic framework of the model. This package
computes the conductance components and rate of movement of water between
adjacent model cells and to and from storage. The Recharge package simulates
the areal distribution from all types of recharge (e.g. agricultural irriga-
tion, SCIP canals, and the Gila River). The SIP package is used to solve the
large system of simultaneous linear groundwater flow equations. Refer to

McDonald and Harbaugh (1988) for a complete description of each package.

The model was created using five time-steps per stress period with each stress
period coinciding with one calendar year. There are four stress periods
simulated. The model units for length are feet and for time are seconds.

Table 4 presents the general characteristics of the model.

15



TABLE 4
GENERAL CHARACTERISTICS OF THE PINAL AMA MODEL

MODEL CHARACTERISTICS DESCRIPTION MODEL UNIT
Steady-State Circa 1900, Pre-development Time = Seconds
Transient 1985-1988 Time = Seconds
Model Grid 39 Rows x 47 Columns Length = Feet
Model Layers 2 Layers of Variable Thickness Length = Feet

-Layer One Unconfined Aquifer

-Layer Two Confined/Unconfined Aquifer

Vertical Hydraulic

Interconnection Provided Using VCONT © 1/Seconds

Recharge Applied to Uppermost Active Cell Feet/Second
Pumpage Derived for both Model Layers Feet3/Second
Model Cells No-Flow, Constant and Variable Head
Solution Technique Strongly-Implicit Procedure

16



Model Grid

The model area was divided into an orthogonal grid consisting of 39 rows and
47 columns. Each model cell is approximately one square-mile and roughly
corresponds with the Township-Range-Section grid (Figure 5). Since the model
grid apprcximates the Township-Range-Section grid, each model cell may be

referenced by a corresponding cadastral location. Appendix 1 relates each

model cell with a cadastral location.

Model Layers and Agquifer Types

Two layers are utilized in the model to represent three hydrogeologic units.
The uppermost layer, Layer One, corresponds with the Upper Alluvial Unit
(UAU). The UAU is modeled as an unconfined aquifer. MODFLOW calculates the

saturated thickness by subtracting the bottom of the layer from the water-

Tevel elevation.

The Tower layer, Layer Two, corresponds with the Middle Silt and Clay Unit
(MSCU) and the Lower Conglomerate Unitx(LCU). Although the MSCU laterally
pinches out toward the basin margin, both hydrogeologic units were combined
into one model layer since MODFLOW requires a layer to be laterally continuous
across the model domain. The MSCU exists only in the middle of the sub-basins
and could not be modeled as a separate hydrogeologic unit. Layer Two is
modeled as a convertible aquifer layer that can switch from a confined to an
unconfined aquifer. This implies that when the potentiometric surface drops
below the top of Layer Two, the model layer converts from a confined aquifer
to an unconfined aquifer. The actual thickness of the MSCU and LCU are not
represented in the model. The bottom of Layer Two corresponds to the geologic

contact of the valley fill with the hard rock basement complex near the basin

17



margins. However, towards the center of the sub-basins where the valley fill
is very thick, the bottom of Layer Two parallels the surface elevation with a
maximum thickness of 4,000 feet. This maximum thickness was arbitrarily

selected since there are no pumping wells in the region that penetrate deeper

than 4000 feet.

The thickness of each model layer was defined by the elevation of each
~geologic contact. These elevations were derived by discretizing the geologic
contour maps developed in the Phase One Report (Wickham and Corkhill, 1989).
The geologic contour maps were developed using over 2,000 driller's logs and
geophysical logs where available and adopting previous work. The previous

geologic work conducted in the region included Hardt and CattneyA(1965),
Oppenheimer and Sumner (1980), and U.S. Bureau of Reclamation (1976). The

data arrays for the top and bottom of each model layer are in Appendix 2.

Vertical Leakance

Vertical leakance between Layers One and Two was modeled using the VCONT
option. MODFLOW requires VCONT to be calculated as input to the model and

then input as an array. The equation used to calculate VCONT is:

_ 1
VCONTl—Z - (Vl)/2 + (V2)/2

Kvl Kv2

Where:

VCONT 1 _o: vertical conductance between Layers One and Two
Vy: saturated thickness of model Layer One (feet)

Vo: saturated thickness of model Layer Two (feet)

Ky1: vertical hydraulic conductivity of Layer One (feet/sec)
Kyp: vertical hydraulic conductivity of Layer Two (feet/sec)
Units: 1/second

19



The final ratio of horizontal hydraulic conductivity in Layer 1 to vertical
hydraulic conductivity between Layers 1 and 2 was 10,000 to 1. The

distribution of VCONT is presented in Appendix 3.

Boundary Conditions

The selection of proper model boundary cell types is essential to the accuracy
of the model. Boundary cells define the hydrologic conditions along the model
~borders. There are two fundamental types of model cells: inactive and
.active. Inactive model cells (i.e., no-flow cells) are those for which no
groundwater flow into or out»of the cell is permitted. No-flow cells in the
model correspond to either bedrock outcrops or areas where groundwater flow is
parallel to impermeable boundaries. There are two types of activé cé]]s used
in the model: variable head and constant head. Variable head model cells
allow the water-level elevation in the cell to fluctuate with time. These
cells comprise the active simulated region within the model. Constant head
model cells are those for which the water-level elevation in the cell is held
constant at a specified elevation. Constant head cells keep the water-level
elevation constant, but allow the flux into or out of the cell to change in
response to changing hydraulic conditions. Constant head cells are located in
both layers of the model where groundwater underflow occurs. Figure 6

presents the location and types of model cells used in the Pinal AMA model.

Basic Data Requirements

The Phase One Report summarizes the available hydrogeologic data within the
Pinal AMA (Wickham and Corkhill, 1989). These data were assembled, analyzed’

and discretized for use in the model. The hydrologic and geologic data input

for the model is summarized in Table 5.
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An example of the discretization method is described below: A geologic
elevation contour map of the contact between the UAU and MSCU was created from
available well log information. The model grid was then superimposed on the
contour map and an elevation for the contact was assigned to each model

cell. For model cells located between contour lines, the elevation for each

cell was interpolated based upon their distance from each contour.

~Water levels

Water-level data for steady-state simulations were derived from a water-level
elevation map developed by Thomsen and Baldys (1985) for circa 1900. This map
was assumed to be representative of pre-development era water levels. Figure
7 presents the starting water levels for each model cell. The sahe water-
Tevel elevation was assigned to both model layers since it was assumed that

there was little vertical hydraulic gradient during the pre-development era.

Starting and ending water-level data were required for transient model
simulations. Separate water-level elevation maps for each hydrogeologic unit
for winter 1984-85 (starting heads) and winter 1988-89 (ending heads) were
created for the Phase One Report (Wickham and Corkhill, 1989). Figures 8 and
9 present the starting measured water levels for each model layer. Figures
10 and 11 present the ending measured water levels for each model layer.

Refer to Appendix 4 for the water level arrays for both transient and steady-

state simulations.
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Pumpage

Groundwater pumpage from both model layers was simulated for transient-state
runs. The annual pumpage for each model cell was summarized into a single
volumetric pumpage rate (ft3/sec). Groundwater pumpage was not simulated
during steady-state modeling. There was little tdqno groundwater pumpage

within the AMA circa 1900 (Thomsen and Baldys, 1985).

Groundwater pumpage was a significant portion of the overall water budget for
transient simulations. Pumpage data including areal distribution and volume
of water were obtained from ADWR Registry of Grandfather Rights (ROGR), San
Carlos Irrigation Project (SCIP) annual reports, and the Ak-Chin’lndiqn
community. However, the primary source of pumpage data was from ROGR. The
Ak-Chin Indians supplied the Department with an estimate of their annual
pumpage at Ak-Chin Farms which was assumed constant throughout the model
simulation period. Figure 12 presents the total pumpage for the entire
simulation period per model cell. Refer to Appendix 5 for the total annual

pumpage attributed to each model cell and corresponding cadastral location.

The vertical distribution of pumpage to each model layer was accomplished
utilizing ADWR's Groundwater Site Inventory (GWSI) well-construction

database. The automated process compared the construction of each well within
each model cell and derived a percent of perforated opening per hydrogeologic
unit (i.e., model layer). Each model cell was then assigned an average
percent of screened opening per hydrogeologic unit. The total pumpage within
each layer for each model cell was calculated using the following

relationship:
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Total Pumpage % perforated L1#*Sy

L1l pumpage = * 5 o :
per cell per cell (% perforated L1*Sy)+(% perforated L2 * Sy°
{

Where: L1 = Model Layer 1 (UAU)

L2 = Model Layer 2 (MSCU-LCU)

Sy = Specific Yield
The use of specific yield to estimate the rate of flow to a well per model Tlayer is
incorrect. Hydraulic conductivity should have been used, however, the relative
ratio's of specific yield and hydraulic conductivity were similar between each

hydrogeologic unit. Therefore, a reasonable vertical distribution of pumpage was

obtained in spite of this error.

Recharge

Recharge

from the Gila River, the San Carlos Irrigation Project (SCIP) canals

and reservoir, and from agricultural irrigation are simulated in the model.

Recharge

was attributed to the uppermost saturated layer, generally Layer

One. The maximum potential recharge from all components were summarized into

a single

infiltration rate (feet/sec) for each model cell. The areal

distribution and volume of recharge between 1985 and 1988 is presented in

Figure 13. Refer to Appendix 6 for the total annual volume of recharge

attributed to each model cell and corresponding cadastral location.

Surface water recharge was an important component of the water budget. Both

steady-state and transient simulations accounted for recharge. The Gila River
was the only source of recharge during steady-state simulations. The Gila
River was intermittent in the modeled area circa 1900 (Lee, 1904). River
channel infiltration rates and volumes for steady-state conditions within the

modeled area were estimated assuming intermittent flow of approximately 30,000
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acre-feet/year. These infiltration estimates were similar to the Gila River

underflow calculations near Sacaton by the USGS in 1904 (Lee, 1904).

Transient simulations accounted for recharge from the Gila River, SCIP canal
and reservoir leakage and agricultural irrigation. The maximum potential
recharge from the Gila River was estimated using the water-budget

methodology. Dam release flow data was obtained from Ashurst-Hayden Dam and
outflow data from the USGS streamflow gage #09479500 near Laveen. Recharge
for this 64-mile reach was estimated taking into account any potential
additions to flow between the dam and streamflow gage. Recharge from the Gila
River was attributed within the model as a weighted function of the lineal

length of river reach per model cell.

There are approximately 24 miles of the Gila River within the model area.
Table 6 presents the total annual volume of recharge estimated from the Gila

River between 1985 and 1988.

Estimates of groundwater recharge were made for the San Carlos Irrigation
Project (SCIP) unlined canal system and Picacho Reservoir. Losses along the
main canal system and total volume of water delivered to each lateral district
are reported within the SCIP annual reports. Lateral losses were estimated
using the water budget methodology by subtracting the total volume of water
delivered to each lateral district from the total volume of water delivered to
the irrigated lands. Lateral losses were distributed within each lateral
district in proportion to the total surface area for each lateral per model
cell. Picacho Reservoir losses were estimated by subtracting the total inflow
from outflow and taking into account evaporation. Table 7 presents the annual

total estimated volume of recharge from the SCIP.
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TABLE 6
GILA RIVER FLOWS AND CALCULATED LOSSES 1985-1988

PINAL AMA MODEL AREA

OUTFLOW ADDITIONS**  LOSSES***
CAL. INFLOW* USGS GAGE TO FLOW MODEL AREA
YEAR (AF/YR) #09479500 (AF/YR) (AF/YR)
1985 381,976 191,700 1,171 71,000
1986 29,536 43 975 11,300
1987 794 13 1,029 700
1988 8,189 67 3,913 4,500

*  INFLOW VALUES FROM SCIP ANNUAL REPORTS, WATER SPILLED AND SLUICED AT THE
ASHURST-HAYDEN DAM.

** ADDITIONS TO FLOW FROM SOURCES DOWNSTREAM OF ASHURST-HAYDEN DAM.
SOURCES INCLUDE: GILA STORM DRAIN (SRP) AND 900 AF/YR FROM CITY OF
COOLIDGE EFFLUENT DISCHARGE

*** Rounded to Nearest 100 AF/YR
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Recharge from agricultural irrigation was divided into two categories: non-
Indian and Indian. The total irrigated acreage, water applied and areal
distribution for non-Indian agriculture was obtained from Irrigation
Grandfathered Water Rights (IGFR) registration on file at ADWR. An AMA wide
representative average consumptive use and irrigation efficiency was used to
estimate recharge (Table 8). In general, recharge was estimated by
subtracting the consumptive use of the total IGFR irrigated lands from the
total water applied. Recharge from Indian lands was estimated for Ak-Chin
Farms. Ak-Chin Farms reported to ADWR their estimated annual average

irrigated acreage and volume water.

However, due to an oversight in the model construction, the area]rdiétribution
of Indian recharge was not taken into account and was never attributed to the
Ak-Chin Farms area. Table 8 presents the annual total estimated volume of

recharge from agricultural irrigation. The total recharge per model cell for

each model simulation year is presented in Appendix 6.

Aquifer Parameters

Hydraulic conductivity, specific yield, and storativity were estimated for
each hydrogeologic unit. The ADWR Driller's Log Program (DLP) was used to
derive initial estimates of hydraulic conductivity and specific yield (Long
and Erb, 1980). The DLP analyzes well driller's logs and derives estimates of
aquifer parameters which correspond to specific depth intervals. Repre-
sentative driller's logs were selected for each Township in the modeled area
and the calculated aquifer parameters were assigned to their respective model
cell. A storativity of 0.005 was assigned to model cells in Layer Two where
the MSCU overlies the LCU. Storativity is defined as the specific storage of
the aquifer material multiplied by the aquifer thickness. Appendix 7 presents
the distribution of hydraulic conductivity, specific yield, and storativity.
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CHAPTER IV

MODEL CALIBRATION

Steady-State

The model was initially calibrated for steady-state groundwater flow condi-
tions using water level data for circa 1900 (Thomsen and Baldys, 1985). The
primary purpose for steady-state calibration was to refine the initial esti-
mates of hydraulic conductivity. Initial estimates of hydraulic conductivity
were derived from the ADWR Driller's Log Program and modified during the cali-
bration process. Each model layer was calibrated independently since it was
assumed that there was little to no vertical hydraulic gradient between each
hydrogeologic unit during the pre-development era. The same starting water
levels were assigned to both model layers. Figure 7 presents the starting
water levels for circa 1900.

The model simulated ending water levels were compared to the starting water
levels (Figures 14 and 15). Steady-state calibration reasonably simulated the
regional groundwater flow system as evident by comparing water-level informa-
tion.

Volumetric water budgets were also reviewed during the calibration process.
The volumetric water budget provides an independent check of the overall
acceptability of the model solution (McDonald and Harbaugh, 1988). If the
model solution is valid, then total inflows and total outflows should equal
the total change in storage. In the case of steady-state simulations where
the change in storage is zero, then the volumetric water budget components of
total inflows minus total outflows should also approach zero. The final volu-
metric water budget is presented in Table 9. Final calibrated hydraulic

conductivity array for the steady-state simulation is in Appendix 8.
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TABLE 9

PINAL AMA MODEL
STEADY-STATE VOLUMETRIC WATER BUDGET*

Units = Acre-Feet/Year

LAYER 1
INFLOW (per year) QUTFLOW (per year)
Storage: 0.00 Storage: 0.00
Constant Head: 29,000 Constant Head: 56,500
Recharge: 27,500 Recharge: 0.00
Total Inflow: 56,500 Total Qutflow: 56,500

Inflow-Qutflow = 0

LAYER 2
INFLOW (per year) OUTFLOW (per year)
Storage: 0.00 Storage: 0.00
Constant Head: 2,500 Constant Head: 2,500
Total Inflow: 2,500 Total Outflow: 2,500

Inflow-Outflow = 0

A1l values rounded to nearest 100
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Transient-State

The model was calibrated for transient-state groundwater flow using measured
water level data between winter 1984-85 (starting water levels) and winter
1988-89 (ending water levels). Measured ending water levels were compared to
simulated ending water levels to evaluate the effect of each calibration

run. Measured ending water levels for both model layers are presented in
Figures 10 and 11. The calibration was considered complete when the final
simulated ending water levels and flow directions were similar to the measured
ending water levels and flow directions. Final calibrated ending water levels
compared to ending measured water levels are presented in Figures 16 and 17.
The difference between the final calibrated water levels and the measured

ending water levels are presented in Figures 18 and 19.

As previously discussed, volumetric water budgets were reviewed during the
calibration process. The final volumetric water budget is presented in Table
10. In 1988, approximately 37 million acre-feet of water was estimated in
storage between land surface and a depth of 1,200 feet using the specific
yield values in the model. The model estimated that approximately 754,000
acre-feet of water was depleted from storage during the four year simulation

pericd.

Transient-state calibration consisted of identifying "problem areas" within
the model that did not adequately simulate observed field conditions and then
modifying the model input data. The input data were modified to achieve a
better match between the model calibrated results and observed field
conditions. Data were modified based upon the level of confidence of the
original data. In general, the qualitative order of confidence in the
original data is that estimates of recharge and vertical hydraulic conduc-
tivity were considered to be of least confidence and water-level data and
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TABLE 10
PINAL AMA MQODEL
FINAL CALIBRATED VOLUMETRIC WATER BUDGET*
TRANSIENT-STATE 1985-1988

Units = Acre-Feet/4 Years

INFLOW: (per 4 years) QUTFLOW: (per 4 years)
Constant Head: 166,300 Constant Head: 68,600
Wells: 0.00 Wells: 2,246,900
Recharge: 1,394,800 Recharge: 0.00
Total Inflow: 1,561,100 Total Outflow: 2,315,500

Inflow-Outflow: -754,400 Acre-Feet/4 Years

Annual Average
Units = Acre-Feet/Year

INFLOW: (per year) QUTFLOW: (per year)
Constant Head: 41,600 Constant Head: 17,100
Wells: 0.00 Wells: 561,800
Recharge: 348,700 Recharge: 0.00
Total Inflow: 390,300 Total Outflow: 578,900

Inflow-Outflow: -188,600 Acre-Feet/Year

A11 values rounded to nearest 100
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areal distribution of pumpage were considered to be of most confidence. Refer
to Table 11 for the qualitative order of confidence of all the model input
data.

TABLE 11

QUALITATIVE LEVEL OF CONFIDENCE RANKING OF THE
ORIGINAL PINAL AMA MODEL INPUT DATA

MODEL INPUT DATA

Recharge Estimates Least Confident
Vertical Hydraulic Conductivity

Vertical Distribution of Water Level Data

Vertical Distribution of Pumpage

Storage Component
Hydraulic Conductivity

Geologic contacts

Water-Level Elevation

Areal Distribution of Pumpage Data Most Confident
A conceptual problem relating to the modeling of the groundwater system in the
Eloy and Maricopa-Stanfield sub-basins was identified during transient-state
calibration. Land subsidence resulting from aquifer compaction due to
groundwater withdrawals was not addressed. Permanent change in the regional
aquifer storage capacity must be taken into account when modeling transient-

state groundwater flow conditions in the Pinal AMA.

Calibration Summary

The model was calibrated for both steady-state and transient-state flow
conditions. Calibration of steady-state groundwater flow permitted the
refinement of the areal distribution of hydraulic conductivity. Steady-state
calibration reasonably simulated the regional groundwater flow system in both

layers of the model.

Transient-state calibration consisted of addressing identified "problem areas"
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and modifying the original input data. Each calibration run compared the
measured ending water levels to the simulated ending water levels. However,
the model did not simulate transient groundwater flow as accurately as steady-
state groundwater flow. In general, the model simulated groundwater flow more
accurately in Layer 1 than in Layer 2, as evidenced by comparing water-level
elevations and a statistical analysis of water-level difference. Table 12
presents the mean and standard deviaticn of the water-level elevation
difference per model cell within four zones between the final calibrated
water-levels and ending measured water Tevels. Four zones were identified to
evaluate the model sensitivity. These zones were selected on the basis of the
relatively high degree of certainty of the original water-level and geologic
input data. Layer 1 simulated water level elevations that were a model-wide
average of 12 feet below the ending measured water level elevations. Layer 2
simulated water-level elevations that were a model-wide average of 46 feet

below the ending measured water levels.

TABLE 12

STATISTICAL ANALYSIS OF WATER LEVEL ELEVATION DIFFERENCE
TRANSIENT-STATE CALIBRATION

Final Calibrated Water Levels Minus the
Ending Measured Water Levels (1988-1989)

Layer 1 (UAU) Layer 2 (LCU)
MEAN STANDARD DEVIATION MEAN STANDARD DEVIATION
-12.4 feet 23.9 feet -45.6 feet 43.7 feet

Three general "problem areas" were identified during transient-state
calibration and are illustrated in Figures 18 and 19. In portions of the
Maricopa-Stanfield sub-basin, the model underestimated water level elevations
in Layer 1 by 50 feet and Layer 2 over 100 feet. In the northern portion of
the Eloy sub-basin the model underestimated water level elevations by 100 feet

in Layer 2. However, in the southern portion of the Eloy sub-basin, the model
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overestimated and undersimulated water level elevations by 50 feet in Layer 1
and over 200 feet in Layer 2.

The poor simulation of water level elevations in these areas can be attributed
to a combination of several factors. These factors include: an over or
underestimation of surface water recharge and storage coefficient or specific
yield; improper distribution of hydraulic conductivity and vertical
distribution of pumpage; improper starting water level elevations where data
were non-existent; and not addressing land subsidence resulting from aquifer

compaction due to groundwater withdrawals.
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CHAPTER V

SENSITIVITY ANALYSIS

A sensitivity analysis was conducted on the Pinal AMA model to determine how
sensitive the model solution is to uncertainty in each input component. As is
generally the case with numerical models, not all of the input components were
known completely (i.e., uncertainty with the original data). The purpose of a
sensitivity analysis is to determine which input components exert the most
control over the model solution and, therefore, generate the largest potential
errors. An improved understanding (i.e., reduction of the uncertainty) of the
most influential input components would yield the greatest improvement for

future model updates.

The procedure to test the sensitivity of the model consisted of changing a

single input component over a reasonable range of values during a series of
model runs. The input components that were changed included specific yield,
storage coefficient, hydraulic conductivity, recharge, vertical conductance,
and boundary conditions. These components were selected since they are the

major input variables of the model.

As previously mentioned, four zones were identified within the model domain to
evaluate the model sensitivity (Figure 20). Three measures were used to
evaluate the model sensitivity within each zone. Two measures were the mean
and standard deviation of the final calibrated water levels minus the

simulated water levels for each sensitivity
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run in the selected zones. The third measure was the volumetric water budgets
for each sensitivity run compared to the final calibrated water budget. Table
13 compares the mean and standard deviation of water-level changes within the
selected zones and the percent change in storage from the final calibrated
volumetric water budget. Comparing water-level changes indicate that in
general, Layer 2 is more sensitive than Layer 1 to changes in the input
components. Layer 2 is most sensitive to changes in vertical conductance
(VCONT), specific yield and storage coefficient. Layer 1 is most sensitive to
changes in VCONT and recharge. Appendix 9 contains a complete presentation of

the statistical analysis.

The relative model-wide percent change in storage compared to the final
calibrated water budget indicates that the model is sensitive to the input
component of recharge. The final calibrated transient run simulated a model-
wide decrease in the volume of water in storage at approximately 754,000 acre-
feet for the 4-year period of 1985-1988. The relative percent éhange in
storage compared to the final calibrated change in storage was estimated using

the equation:

(Change in Storage (Final Calibrated) - Change in Storage (Sensitivity Run)) x 100

Change in Storage (Final Calibrated)

Interpretation of the statistics and ccmparing the water budgets indicate that
the model overall is sensitive to most input parameters, including: VCONT,
specific yield, storage coefficient, recharge and hydraulic conductivity. A
better understanding of these input variaBles would help improve future model

updates.
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SUMMARY OF ZONED SENSITIVITY STATISTICS

TABLE 13

Final Calibrated Water Levels

Minus

Sensitivity Simulated Water Levels

(Feet)
Layer 1 Layer 2
Standard Standard
Mean Deviation Mean Deviation
Increase K, 2x -1.9 7.1 -6.4 12.3
Decrease K, 2x 1.2 6.4 3.9 11.7
Decrease K, 5x 2.1 13.2 6.7 21.8
Increase Sy & S, 2x -0.5 5.8 -13.7 13.3
Decrease Sy & S, 2x 1.2 7.3 26.1 18.5 -
Increase S, 10x 3 -0.5 1.1 -3.2 11.4
Decrease S, 10x 0.1 0.2 -0.1 2.3
Decrease Sy, 3x 1.1 11.9 -1.2 4.4
Increase VCONT, 10x 14.9 12.3 -31.7 30.9
Decrease VCONT, 10x -3.9 4.7 8.4 13.8
Decrease Recharge, 15% 3.0 1.8 1.8 5.4
Increase Recharge, 15% -3.0 1.8 -1.8 4.2
Decrease Recharge, 30% 5.9 3.7 2.9 6.6
Decrease Recharge, 50% 9.9 6.1 4.4 7.9
Decrease SCIP Recharge, 78% 7.2 9.6 2.8 8.3
Boundary Condition**
0.1 0.4 -0.02 0.6

Note:
K = Hydraulic Conductivity
Sy = Specific Yield
S = Storage Coefficient
VCONT = Vertical Conductance

Percent*
Change in
Storage

The relative percent change in storage of the sensitivity runs compared to
the percent change in storage of the final calibrated run

Boundary Condition =

simulating constant underflow using pumping or injection wells.
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CHAPTER VI

CONCLUSION

The Phase Two preliminary groundwater flow model for the Pinal AMA represents the
first step of an on-going modeling process to develop a sound technical management
tool for predicting the impacts of future groundwater management scenarios. The
model provides a regional understanding of the interrelationships between the

groundwater flow system and groundwater pumpage and recharge.

The model reasonably simulates both regional steady-state and transient-state
groundwater flow within the Pinal AMA. 1In 1988, approximately 37 million acre-feet
of water was estimated in storage from land surface to a depth of 1,200 feet. The
model simulated a net decrease in the volume of water in storage at approximately

754,000 acre-feet for the 4-year period of 1985-1988.

General areas were identified where the model did not accurately simulate actual
field measured water level elevations or flow directions. These areas correspond to
zones of significant model input data uncertainty and will need to be addressed
prior to future model updates. These areas include the south-east and north-central
portions of the Eloy sub-basin and the northern portion of the Maricopa-Stanfield

sub-basin.

This phase of the model development did not take into account the introducti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>